Antisense oligonucleotide (ASO) has the potential to induce off-target effects due to complementary binding between the ASO and unintended RNA with a sequence similar to the target RNA. Conventional animal studies cannot be used to assess toxicity induced by off-target effects because of differences in the genome sequence between humans and other animals. Consequently, the assessment of off-target effects with in silico analysis using a human RNA database and/or in vitro expression analysis using human cells has been proposed.
| INTRODUCTION
Antisense oligonucleotide (ASO) therapeutics have been developed extensively over the past several decades and are emerging as the third platform (after small molecules and biologics) for drug development. ASOs are synthetic DNA/ RNA-like single-stranded oligonucleotides that bind to RNA through sequence-specific Watson-Crick base pairing. Two types of standard ASOs exist and act by different mechanisms (Kole, Krainer, & Altman, 2012) . The first, gapmer ASOs, contains high-affinity ribose modifications such as 2′-methoxyethyl or 2′-O, 4′-C-methylene-bridged nucleic acid (also known as LNA) (Obika et al., 1997; Singh, Nielsen, Koshkin, & Wengel, 1998) on the wings and DNA in the central gap region, allowing their target to be cleaved by RNase H. So far, two 2′-methoxyethyl gapmer ASO therapeutics, mipomersen (Kynamro; IONIS Pharmaceuticals and Genzyme) (Thomas et al., 2013) and inotersen (Tegsedi; IONIS Pharmaceuticals and Akcea Therapeutics) (Benson et al., 2018) , have been approved as treatments for homozygous familial hypercholesterolemia and polyneuropathy of hereditary transthyretin-mediated amyloidosis, respectively. The second type of standard ASOs, splice-switching oligonucleotides, does not induce RNase H-mediated cleavage of mRNA but instead act by sterically blocking targeted RNA without inducing its degradation. They modulate pre-mRNA splicing and repair defective RNA to restore the production of functional proteins. Two splice-switching oligonucleotides, eteplirsen (Exondys 51; Sarepta Therapeutics) (Aartsma-Rus & Krieg, 2017) and nusinersen (Spinraza; Biogen and IONIS Pharmaceuticals) (Corey, 2017) , have been approved as treatments for Duchenne muscular dystrophy and spinal muscular atrophy, respectively.
As with all drugs, ASOs carry the risk of causing unintended toxicity. Several likely mechanisms of ASO toxicity have been proposed (Lindow et al., 2012) . One mechanism is toxicity due to hybridization-dependent off-target effects. Off-target effects are the result of complementary binding between the ASO and unintended RNA with a sequence similar to the target RNA, which can cause adverse effects by affecting the expression of unintended genes. Conventional animal studies cannot be used to assess toxicity induced by off-target effects because of differences in the genome sequence between humans and other animals. Consequently, to predict toxicity caused by off-target effects, the assessment of off-target effects with in silico analysis using a human RNA database and/or in vitro expression analysis using human cells has been proposed (Lindow et al., 2012) .
We previously used mathematical calculations and in silico analysis to estimate the general number of complementary regions of ASOs with mismatches in human mRNA sequences using several thousand hypothetical ASOs. Our analysis showed that the number of complementary regions increases dramatically as the number of tolerated mismatches increases (Yoshida et al., 2018) . However, to what extent the expression of genes with mismatches is affected by the mechanism of off-target effects when ASOs actually act on human cells is unclear. In the present study, to clarify this point, we evaluated off-target effects of LNA gapmer ASOs using human cells. We first performed in silico analysis of a human RNA database to identify off-target candidate genes with complementarity to the gapmer ASOs. We then investigated the relationship between complementarity and off-target effects by introducing the gapmer ASO into human cells and performing an exhaustive analysis of changes in gene expression using microarray profiling.
| RESULTS

| In silico analysis using a human pre-mRNA database
Gapmer ASOs bind not just to mRNA, but also to pre-mRNA introns to cleave and degrade pre-mRNA (Kamola et al., 2015; Kasuya et al., 2016) . Thus, when searching for off-target candidate genes of gapmer ASOs, an in silico analysis of a database that fully includes human pre-mRNA should be conducted. In a prior study, we showed the theoretical number of complementary regions of ASOs with mismatches in human mRNA (Yoshida et al., 2018) . As the total size of human pre-mRNA coding for proteins (1.17 Gb) is approximately 17-fold higher than that of human mRNA (68.1 Mb) (see Section 4), the number of complementary regions in human pre-mRNA is also correspondingly greater (Table 1, see Section 4). In the case of 18-mer ASOs, the theoretical number of sites with perfect matches is < 1, that with one mismatch is approximately one (0.92), that with two mismatches is 23, that with three mismatches is 375, and that with four mismatches is 4,216 in the human pre-mRNA sequences (Table 1, see the row "Length of ASO = 18").
In the present study, a 13-mer LNA gapmer targeting human APOB, named gap-A13 , was used as an ASO therapeutic model. We first performed in silico analysis to identify human pre-mRNAs with regions that are complementary to gap-A13, or off-target candidate genes of gap-A13. Here, we used a complementarity measure called the "distance" (d), which is defined as the total number of mismatches, insertions or deletions between ASO and the complementary RNA sequences (Figure 1 , see Section 4). The numbers of off-target candidate genes with respect to gap-A13 that were found were d = 0 (i.e., perfect match), 16; d = 1,849; d = 2,8526; and d = 3,8276( Figure 3a : see the row "Complementary genes").
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| In vitro analysis using human cells
gap-A13 was then introduced into the human hepatocyte cell line Huh-7, and the changes in gene expression were comprehensively analyzed using a microarray. We first examined the expression of the on-target gene APOB by qRT-PCR analysis and found that was down-regulated to 14% of the level in the control (Figure 2a ). Microarray analysis was carried out in the same conditions, and APOB expression was down-regulated to 9% of the level in the control (Table 2 and Figure 3b : red dot indicated by the arrow). To analyze off-target effects, changes in gene expression were analyzed in each group classified by d, as described above. "Off-target genes" were defined as genes in which gene expression was downregulated to <50% of the level in the control group. This is because heterozygous knockout animals, in which 50% of gene expression is retained, do not show abnormalities in most cases. The degree of change in expression is shown as a scatter plot in Figure 3b , which shows that down-regulation is highest with d = 0 genes, shown as red dots, which have perfect complementarity. We also observed an overall trend toward down-regulation among the d = 1 genes, shown as orange dots (Figure 3b ). The expression of d = 3 and d ≥ 4 genes did not appear to be affected ( Figure S1a,b ). Analysis using a cumulative curve also showed that the expression was down-regulated in a greater proportion of genes among those with higher complementarity (Figure 3c ). Quantitative analysis showed that the numbers of off-target genes, that is, genes down-regulated to less than 50%, by group were d = 0, 5; d = 1, 134; d = 2, 109; d = 3, 5; and d ≥ 4, 3 (Figure 3a: Off-target genes, Figure 3b : number of genes shown below the red dotted line). These numbers were expressed as ratios to the number of genes that could be analyzed by microarray and were expressed in Huh-7 cells (Figure 3a : Expressed genes): d = 0, 83.3%; d = 1, 28.2%; d = 2, 2.0%; d = 3, 0.11%; and d ≥ 4, 0.49% (Figure 3a : % of off-target genes, Figure 3c : intersection with the red dotted line).
Next, the same analysis was performed using the other 13-mer LNA gapmer, gap-P13, which targets human PCSK9 (Gupta et al., 2010) . With gap-P13, the only d = 0 gene present that was analyzable by microarray and was expressed in Huh-7 cells was PCSK9 itself ( Figure S2b : red dot indicated by the arrow), with gene expression down-regulated to 14% (Figure 2b : qRT-PCR analysis) and 17% ( Figure S2b : microarray analysis). In the scatter plot analysis, a tendency toward down-regulation of d = 1 off-target candidate genes (the orange dots), but not d = 3 and d ≥ 4 genes, was seen ( Figure  S2b-d ). Analysis using a cumulative curve also showed that the expression of d = 1 and d = 2 off-target candidate genes was down-regulated significantly ( Figure S2e ). The ratios of off-target genes in which gene expression was down-regulated to less than 50% of control to expressed genes were d = 0, 100%; d = 1, 54.5%; d = 2, 15.9%; d = 3, 1.8%; and d ≥ 4, 2.8% ( Figure S2a : % of off-target genes, Figure S2e : intersection with the red dotted line).
These results indicate that for both gap-A13 and gap-P13, the proportion of off-target genes was higher at a higher level of complementarity. This clearly indicates that gapmer ASOs induced off-target effects depending on the degree of complementarity between the ASO and off-target candidate genes. In addition, the results showed that with the 13-mer LNA gapmers used for analysis in the present study, the expression of off-target candidate genes up to d = 2 could actually be down-regulated to less than 50% at the cellular level.
| DISCUSSION
In the present study, we demonstrated that gapmer ASOs induced off-target effects depending on the degree of complementarity that was classified by the total number of mismatches (mis), insertions (ins) or deletions (del) on the complementary binding regions, named the distance (d). Our analysis indicated that not only the expression of genes with mis, but also those with ins or del, has the potential to be affected by off-target effects induced by gapmer ASOs (Table  2) . This finding is agreement with previous reports showing off-target effects of LNA gapmers (Hagedorn et al., 2018; Kamola et al., 2015) . We further analyzed the proportion of 27 off-target genes to the off-target candidate genes in mis = 1, ins = 1 and del = 1 groups, and found that a significant proportion of ins = 1 and del = 1 genes was down-regulated to less than 50% of the control in a similar manner to that of mis = 1 genes (Table S1 ). These data emphasize the need to identify genes with ins and/or del as off-target candidate genes of gapmer ASOs and support the usefulness of classification of off-target candidate genes by the distance (d). Note that searching off-target candidate genes based on the distance (d) can be easily performed using GGGenome by giving d as the parameter. This type of search cannot be handled easily by popular sequence search software such as BLAST.
In vitro analysis using human cells with gapmer ASO, gap-A13, showed that 134 of 475 d = 1 expressed genes were the off-target genes showing down-regulation to less than 50% with respect to the control (Figure 3a : Expressed genes, Off-target genes). Examples of these d = 1 off-target genes were shown in Table 2 (LRP1B, KMT2E, SCFD2, DAAM1, GPHN and PLCB1). Another 341 genes were the non-off-target genes that were not down-regulated to less than 50%. Examples included MDGA2 and SNX2 in Table  2 , and CPNE1, CHML and CENPC in Table S2 . We compared the 13-mer sequences within the complementary region of 134 off-target genes with those of 341 non-off-target genes; however, we could not identify definitive sequence rules that define off-target genes so far. A similar analysis was performed with d = 2 off-target genes and d = 2 nonoff-target genes, and again we could not find any regularity. This may be partially because the cleaving activity of gapmer ASOs depends not just on the sequence of the complementary binding site, but also on the higher order structure of the RNA to which it binds complementarily. The foregoing analyses show that definitive prediction of which off-target candidate genes will actually be subject to down-regulation of gene expression to less than 50% of the control from an in silico study alone is difficult. Thus, also performing in vitro analysis using human cells to narrow down a list of off-target candidate genes is useful.
The possible methods for in vitro analysis include qRT-PCR and microarray. The number of off-target candidate genes identified by in silico analysis, even when these were limited to d = 0 and d = 1, was 865 for gap-A13 [16 (d = 0) + 849 (d = 1) = 865] and 475 for gap-P13 [3 (d = 0) + 472 (d = 1) = 475]. Realistically, such numbers of genes cannot be analyzed with qRT-PCR. With ASOs longer than 13-mer, the number of d = 0 and d = 1 genes is expected to decrease, but longer ASOs have greater binding affinity with the complimentary RNA, so that off-target effects may occur even with higher d numbers. Thus, if the criteria for selecting off-target candidate genes are expanded to include d = 3, d = 4, etc., the number of off-target candidate genes will range from several dozen to several thousand (Table 1 ). Taking the above into account, the most efficient method for assessing the off-target effects of ASOs using human cells is a comprehensive method such as microarray analysis. To evaluate the validity of identifying off-target genes based on microarray analysis, we performed qPCR analysis for 36 off-target genes identified in microarray analysis of gapA-13. As a result, 30 out of 36 genes were down-regulated to less than 50% by qPCR analysis in a similar manner in microarray analysis. Other 6 genes were also down-regulated, though the extent of down-regulation was less in qPCR analysis than that observed in microarray analysis (examples were shown in Table 2 ). From these data, we suggest that the combination of comprehensive microarray analysis and specific qPCR analysis is more desirable way to determine off-target genes. Based on the above results, we propose a scheme for the assessment of off-target effects of gapmer ASOs (Figure 4) . When assessing the off-target effects of gapmer ASOs, in vitro analysis using human cells is useful for narrowing down the off-target candidate genes identified by in silico analysis to those in which gene expression is actually down-regulated. Some of the off-target genes identified by this scheme could be downstream targets of the on-target gene (not real off-target genes). These downstream targets could be identified as commonly down-regulated genes by microarray analysis using another ASO against the same on-target gene as described previously (Hagedorn et al., 2018) ; however, in the light of prediction of gene expression change in human, we consider that the downstream targets are not needed to be excluded purposely from off-target genes because they are also predicted to be down-regulated in humans in a similar manner to the real off-target genes.
The present study indicates that with 13-mer LNA gapmers, genes with complementarity up to d = 2 may be subject to off-target effects (Figures 3 and S2) . Therefore, in the scenario of a 13-mer LNA gapmer being developed as an oligonucleotide therapeutic, off-target candidate genes with F I G U R E 3 In silico and in vitro analysis of off-target effects induced by gap-A13. (a) Statistics from microarray analysis. Complementary genes: The number of off-target candidate genes identified by in silico analysis. Expressed genes: The number of genes among those identified in "Complementary genes" that are on a microarray and were expressed in Huh-7 cells. Off-target genes: The number of genes among those in "Expressed genes" in which gene expression was down-regulated to less than 50% of the level in the control group. % of off-target genes: The proportion of genes in "Off-target genes" that were in " complementarity up to d = 2 would be selected in the in silico analysis, which is the first stage in the assessment of off-target effects. The induction of off-target effects is assumed to be related to the strength of binding between the ASO and complementary RNA, and is therefore likely to vary depending not only on the length of the gapmer ASO but also on the type of chemically modified nucleic acids introduced into the ASO. In general, the strength of binding between the ASO and complementary RNA increases as the oligonucleotide becomes longer, so that LNA gapmer ASOs longer than 13mer may induce off-target effects on d = 3 genes in addition to d = 0, 1 and 2 genes. Therefore, we consider that a criterion for selection of off-target candidate genes, which is defined by d, varies depending on the length of the ASO and/or chemically modified nucleic acids used in the ASO. In in vitro analysis using human cells, expression analysis should be investigated in conditions in which the expression of the target gene is down-regulated to less than 50%. As for off-target genes in which gene expression was down-regulated to less than 50% of the control, evaluation of the possible functional consequences of altering the expression of the off-target gene product should be done as proposed previously (Lindow et al., 2012) .
| EXPERIMENTAL
PROCEDURES
| Estimation of the general number of complementary regions of ASOs in human pre-mRNA sequences
We mathematically calculated the theoretical number of complementary regions of ASOs with perfect matches or mismatches in the total size of human pre-mRNA sequences in a similar manner as described previously (Yoshida et al., 2018) . We hypothesized that the four bases (A, G, C and T) are used randomly in human pre-mRNA sequences. The human mRNAs and pre-mRNAs span 68 Mb and 1.17 Gb respectively, according to D3G database (release 18.04; https ://d3g.riken.jp/). D3G consists of RefSeq mRNA transcripts (NM_ and YP_ entries; O'Leary et al., 2016) and their genomic coordinates on the reference human genome (GRch38) provided in the UCSC Genome Browser (Casper et al., 2018) . Human pre-mRNA sequences are approximately 17-fold longer than human mRNAs owing to their intronic regions.
| In silico analysis
Sequence searches allowing mismatches, insertions or deletions were performed using GGGenome (https ://GGGen ome.dbcls.jp/), rather than the widely used BLAST software (Altschul, Gish, Miller, Myers, & Lipman, 1990) . BLAST may overlook potential complementary regions, as mentioned in our previous work describing siDirect (Naito, Yamada, Ui-Tei, Morishita, & Saigo, 2004) and CRISPRdirect (Naito, Hino, Bono, & Ui-Tei, 2015) , which are web servers for designing off-target-minimized siRNA and CRISPR guide RNA, respectively. GGGenome quickly searches short nucleotide sequences utilizing suffix array and FM-index stored on solid-state drives, and we used it to query the human pre-mRNA sequences described above that were retrieved from D3G. Here, we used a complementarity measure called the "distance" (d), which is defined as the total number of mismatches, insertions or deletions between ASO and the complementary RNA sequences. Pre-mRNA sequences were grouped by d according to the highest complementary site (i.e., with minimal d). For example, if two complementary sites with d = 1 and d = 3 are present in one pre-mRNA sequence, such as one d = 1 site in exon 2 and one d = 3 site in exon 4 in one pre-mRNA sequence, the pre-mRNA was classified into the d = 1 group because the d = 1 site is more likely to be affected by the ASO compared to the d = 3 site. Pre-mRNAs with complementary RNA sequence to the gapmer ASO are called "Complementary genes (Off-target candidate genes)" in in silico analysis (Figure 3a and S2a). F I G U R E 4 Scheme for the assessment of hybridizationdependent off-target effects of gapmer ASOs. In silico analysis: Off-target candidate genes with complementary RNA sequences are selected from a human RNA database (e.g., D3G) using an appropriate search algorithm (e.g., GGGenome). In vitro analysis using human cells: The ASO is introduced into cultured human cells, and the changes in gene expression of off-target candidate genes are analyzed. Off-target candidate genes are narrowed down by considering those with gene expression down-regulated to <50% as off-target genes. Risk assessment: The risk of adverse effects emerging from the offtarget genes is investigated by comprehensive consideration of the function, etc., of the gene
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